Hydrolysis of a Pacman-shaped binuclear magnesium complex of a polypyrrolic Schiff base macrocycle results in the formation of a new magnesium hydroxide cubane that is encapsulated by the macrocyclic framework through both coordinative and hydrogen-bonding interactions.
Introduction
Molecular capsules present unique microenvironments for guest molecules and can be formed through spontaneous assembly processes. 1 For example, naturally-curved building blocks such as glycourils, resorcinarenes, or cyclotriveratrylenes that incorporate complementary recognition groups engender capsule formation through supramolecular interactions. 2 Alternatively, metallo-tectons allied with organic ligand spacers allow the construction, through metal-ligand bond formation, of well-defined nanoscale cavities based on Platonic and Archimedian polyhedra. 3 These enzyme-like environments facilitate a myriad of unusual chemical transformations and catalysis, 4 and, significantly, can be used to pacify normally-reactive materials such as white phosphorus or stabilize reactive intermediates and unstable species through cavity confinement. 5 As such, the design of new frameworks that promote the formation of encapsulating environments is a burgeoning area of research.
We have described extensively the metallation chemistry of the Schiff-base polypyrrolic macrocycle H 4 L. 6;7 In most cases, wedged-shaped complexes with 'Pacman'-like structures are formed (Chart 1) providing unique molecular cleft environments for chemical reactions including oxygen-reduction catalysis and uranyl reduction. 8 If the pyrrole nitrogens remain protonated however, a different class of bowl-shaped binuclear complex is formed in which the pyrrole hydrogens participate in hydrogen-bonding to the ancillary ligands. 9;10 In this work, we describe a Pacman-to-bowl geometry transformation due to hydrolysis that results in the formation of a new magnesium hydroxide cubane that is encapsulated by two bowl-shaped macrocyclic ligands through both supramolecular interactions and metal-ligand bond formation. The X-ray crystal structure of 1.THF using crystals grown from a toluene/hexane mixture was determined and confirms the overall wedged-shaped structure ( Fig. 1 ). 4 (OH) 4 }(H 2 L) 2 ] 2, presumably by hydrolysis by adventitious water and which has been characterized by X-ray crystallography (Fig. 2) . The solid-state structure of 2 comprises a new, magnesium hydroxide cubane Mg 4 (-OH) 4 (OH) 4 that is encapsulated by two orthogonally-oriented H 4 L macrocycles through both coordinative and hydrogen bonding interactions. In the asymmetric unit, the bonding of Mg1 is representative of each magnesium cation and is bound to the macrocycle through the two imine nitrogens N1 and N8 of H 4 L, two bridging hydroxides O1 and O2, and a terminal hydroxide O4. This results in a binuclear arrangement of the metals in the asymmetric unit with the bowl-shape arising from the hinging of the two H 2 N 4 compartments at the meso-carbons in a manner similar to that seen in Ni and Cd complexes of H 4 L. 9;10 The encapsulation of the Mg hydroxide core by the organic framework results in an overall 'tennis ball' topology, similar to those seen by Rebek and co-workers in spontaneously-assembled C-shaped glycouril capsules, 11 although the cavity prescribed by the framework in 2 is clearly much smaller as a consequence of encapsulation.
The tennis-ball structure of 2 seen in the solid state appears to be retained in solution. The 1 H NMR spectrum of 2 (Fig. S2 ) displays a broad resonance at 10.6 ppm that is attributable to hydrogen-bonded NH/OH protons, and is a feature that is absent in the 1 H NMR spectrum of 1.THF. Furthermore, the imine resonance at 7.98 ppm in 2 has shifted from 7.71 ppm in 1.THF. Significantly, two environments are seen for the meso-ethyl groups at 2.40 and 2.18 ppm (CH 2 ) and 1.03 and 0.56 ppm (CH 3 ) and which are reflected in the 13 C NMR spectrum with resonances at 26.36 and 25.38 ppm (CH 2 ) and 8.49 and 7.92 ppm (CH 3 ). This dissimilarity of the ethyl groups implies a rigid bowl-shaped structure is adopted in which the ethyl groups are oriented endoand exo-to the encapsulated cubane. Significantly, the NOESY spectrum of 2 displays NOE between the pyrrole protons (6.58 and 6.08) and the aryl methyl protons (2.08 ppm, Fig. S3 ). Both of these interactions indicate that the macrocyclic environment in solution is similar to that seen in the solid state.
The IR spectrum also supports the presence of OH and NH groups with absorptions seen at 3440 and 3280 cm -1 and the ESI mass spectrum displays a molecular ion at m/z 1665 (9%).
The bulk formation of 2 by intentional hydrolysis of 1.THF was investigated and it was found that the addition of 4.7 equivalents of water to 1.THF in benzene resulted in the precipitation of pure 2 as a bright yellow solid in a 45 % yield. Furthermore, the 1 H NMR spectrum of the filtrate showed the presence of 2 and free macrocycle H 4 L only, in a 1.0:1.5 ratio, and indicates that upon hydrolysis 1.THF undergoes predominantly sole conversion to 2. On standing in solution under aerobic conditions, 2 decomposes slowly to H 4 L (25% after 48 h, Fig. S4 ), but is stable indefinitely in the solid state.
Cubanes are an important class of cluster compound, with Fe 4 S 4 cubanes playing central electron transport and storage roles in biology and forming the basis of many FeS enzymes such as in nitrogenases. 12 Furthermore, transition metal and mixed-metal cubanes are current synthetic targets due to the identification of a Ca-Mn oxo cubane core at the oxygen evolving center of Photosystem II (Fig. 3 ), 13 as well as being of interest as single molecule magnets. 14 Magnesium cubanes usually comprise four magnesium centers occupying opposing corners of a cube that are bridged by μ 3 -N-imido or μ 3 -O-alkoxy substituents (Fig. 3) ; the magnesium cations are octahedral or tetrahedral depending on the ligands used. 15 Of the sixteen known structures of discrete Mg 4 O 4 cubanes, 16 approach by the controlled hydrolysis of Mg alkyls or alkoxide clusters. 18 The formation and stability of various Mg hydroxide clusters related to Al-Mg LDHs and brucite minerals has been evaluated by DFT and compared to experimental findings (Fig 3c) , and contain structural motifs similar to those in 2. 19 As such, the formation of the cubane in 2 represents a possible structural motif on the pathway to magnesium hydroxide materials that has been stabilized through encapsulation by the macrocyclic framework.
We have shown that hydrolysis of the bimetallic magnesium Pacman complex 1.THF results in the formation of a new magnesium hydroxide cubane 2 in which two, orthogonally-oriented macrocycles encapsulate the unusual core in a tennis-ball motif. It is hoped that the macrocycle and its variants have the potential to envelop and stabilize other metal clusters through a combination of dative and hydrogen-bonding interactions and that this may lead to the generation of new encapsulated materials and reagents.
